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STRUCTURED ABSTRACT 34 
Study Design Analysis of explanted MAGnetic Expansion Control (MAGEC) 35 
growing rods.   36 
Objective To analyze explanted MAGEC rods used in management of early 37 
onset scoliosis and identify the mode of failure in such cases.   38 
Summary of Background Data Magnetically controlled growing rods are 39 
increasingly used as the option of choice for early onset scoliosis.  However, 40 
being more complex than conventional growing rods they are perhaps more 41 
likely to succumb to multifarious failure modes.  In addition, metallosis has been 42 
reported around failed MAGEC rods.   43 
Methods Explanted MAGEC rods from 7 UK spinal centers were obtained for 44 
independent analysis. Thirty-four MAGEC rods, from 18 children, explanted for 45 
reasons including failure of rod lengthening and maximum rod distraction 46 
reached, were cut open to allow internal components to be evaluated and 47 
assessed.   48 
Results Externally, all MAGEC rods showed localized marks, which were 49 
termed ‘growth marks’ as they indicated growth of the rod in vivo, on the 50 
extending bar component.  After cutting open, titanium wear debris was found 51 
inside all 34 (100%) MAGEC rods.  Ninety-one percent (31/34) of MAGEC rods 52 
showed measurable wear of the extending bar, towards the magnet end.  53 
Substantial damage to the radial bearing was seen inside 74% (25/34) of 54 
MAGEC rods while O-ring seal failure was seen in 53% (18/34) of cases.  In 55 
44% (15/34) of MAGEC rods the drive pin was fractured but this was felt to be 56 
an effect of rod failure, not a cause.   57 
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Conclusions The combination of high volumes of titanium wear debris 58 
alongside O-ring seal damage likely accounts for the metallosis reported 59 
clinically around some MAGEC rods.  Based on this explant data, a failure 60 
mechanism in MAGEC rods due to the natural off axis loading in the spine was 61 
proposed.  This is the largest data set reporting a complete analysis of 62 
explanted MAGEC rods to date.   63 
 64 
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INTRODUCTION 66 
 67 
Non-invasively lengthened growing rods are used increasingly in the treatment 68 
of early onset scoliosis.  The most commonly used implant is the MAGnetic 69 
Expansion Control (MAGEC) system (Nuvasive Specialised Orthopaedics, San 70 
Diago, CA, USA).  This has been licensed for use in Europe since 20091 and 71 
has recently been approved by the US Food and Drug Administration.2  72 
Implants can be lengthened using an external remote controller.  This aims to 73 
limit the number of surgeries and reduce the medical and psychological 74 
complications these children commonly experience with conventional growing 75 
rods.3-6  In addition, there is increasing concern regarding the effect of repeated 76 
general anesthetics on the developing brain.7  In terms of engineering, the 77 
MAGEC system, including a magnet driven non-invasive lengthening 78 
mechanism, is far more complex than conventional growing rod implants.  Any 79 
implant spanning multiple levels of unfused spine will be liable to failure through 80 
rod fracture or anchor point failure as is seen commonly with traditional growing 81 
rods.3-5  Yet it remains unclear if the MAGEC system will be associated with an 82 
additional burden of complications.   83 
 84 
In the UK, the National Institute for Health and Care Excellence (NICE) offered 85 
guidance in 2014 in its document “The MAGEC System for spinal lengthening 86 
in children with scoliosis” (MTG18).1  Here, it is stated that “The MAGEC system 87 
should be considered for use in children with scoliosis aged 2 years and over 88 
who need surgery to correct their spinal curvature”.1   89 
 90 
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To date, long term clinical outcomes of the MAGEC system are lacking.  Of 91 
available data MAGEC rod failure as a cause for revision has been reported in 92 
0-38% of cases.8-10  Aside from rod fracture or anchor failure the MAGEC 93 
system may fail through failure of its internal mechanism, presenting clinically 94 
as an inability of the rod to lengthen or loss of length.  Authors have reported 95 
drive pin fractures within failed rods.8,11,12  Significant metallosis surrounding 96 
MAGEC rods at time of implant removal has also been described.9,12,13 97 
 98 
Analysis of explanted implants has proven valuable particularly in the study of 99 
complex implants such as joint replacements.  Such analyses have allowed 100 
mechanisms of failure to be understood and improvements to the design of 101 
prostheses to be made in the case of hip14, knee15, finger16 and toe17 implants.  102 
To date analysis of explanted spinal implants has focused primarily on disc 103 
arthroplasty.18  Explanted MAGEC rods are yet to be analyzed in significant 104 
numbers, although a recent report on 7 rods from a single center has been 105 
offered.13  We wished to add to this current debate by examining a greater 106 
number of failed MAGEC rods from multiple spinal centers.  We aimed to 107 
analyze explanted MAGEC rods used in management of early onset scoliosis 108 
and identify the mode of failure in such cases.   109 
 110 
 111 
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METHODS AND MATERIALS 113 
 114 
MAGEC rods were received from 7 spinal centers around the UK as part of an 115 
ongoing retrieval analysis project, under the auspices of the Northern Retrieval 116 
Registry.19  The Northern Retrieval Registry is an independent organization of 117 
orthopedic surgeons and bioengineers based in the north-east of England 118 
which undertakes assessments of explanted orthopedic devices.  Thirty-four 119 
MAGEC rods, from 18 children, explanted for reasons including failure of rod 120 
lengthening and maximum rod distraction reached were analyzed.  This 121 
included 10 generation 1 and 24 generation 2 rods.  All but one rod had been 122 
used in a dual rod construct. 123 
 124 
All rods were cut open, initially at the weld where the coned bar joined the outer 125 
casing [Figure 1], using a Dremel (Racine, Wisconsin, USA) cutter.  Cutting 126 
took place in stages until the weld was sufficiently weak that it could be broken 127 
by hand.  Employing this methodology, alongside cutting at the coned bar end, 128 
ensured that any contamination due to cutting would be minimal.  Once opened, 129 
the internal components were removed.  Photographs were taken throughout 130 
the disassembly process.  Dimensional measurements were taken at the 131 
narrowest (most worn) point of the extending bar using a micrometer (Mitutoyo 132 
UK, Huddersfield, UK).  Any internal debris was collected and analyzed using 133 
Energy-Dispersive X-ray spectroscopy (EDX) allowing the individual chemical 134 
elements of the debris to be identified.  Where appropriate, the International 135 
Standards Organization (ISO) standard on explant analysis, ISO 12891-2:2014 136 
“Retrieval and analysis of surgical implant – Part 2: Analysis of retrieved 137 
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surgical implants” was followed.20  A schematic diagram showing a MAGEC rod 138 
in cross-section and illustrating the terms used is shown in Figure 1.  Individual 139 
components and features, which were indicative of the state of the explanted 140 
MAGEC rod, were assessed by a single observer (SLS) using the grading 141 
system described in Table 1. 142 
 143 
  144 
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RESULTS 145 
 146 
Table 2 summarizes the grading results from the explanted MAGEC rods.  147 
Values given as mean (S.D) unless otherwise stated.  All 34 rods showed 148 
‘growth marks’ on one side of the extending bar.  A typical example is shown in 149 
figure 2.  It is important to note that these marks did not extend around the 150 
entire circumference of the extending bar component.  All 34 MAGEC rods had 151 
some internal wear debris (minimum grade of 2 on the wear debris quantity 152 
scale).  Eighteen rods (53%) contained ‘copious’ (grade 4) wear debris [Figure 153 
3] which amounted to 1g mass in one particularly affected rod.  This wear was 154 
identified as titanium by EDX analysis in all cases.   155 
 156 
Thirty-one of 34 rods (91%) showed evidence of localized wear from the 157 
extending bar, towards the magnet end of the MAGEC rod.  Measurements of 158 
the diameter of the extending bars (mean diameter 6.33mm (0.01) in unworn 159 
regions) showed them to have been reduced by a mean of 0.22mm (0.20). One 160 
rod was reduced by 1.07mm (17% of original size).  The reduction in diameter 161 
was often so substantial that it was visible to the naked eye [Figure 4].  In the 162 
MAGEC rods 25 (74%) had non-functioning radial bearings (grade 3 or 4) 163 
[Figure 5], 18 (53%) had badly damaged O-ring seals (grade 3 or 4) [Figure 6] 164 
and 15 (44%) had a fractured drive pin (grade 4) [Figure 7].   165 
 166 
 167 
  168 
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DISCUSSION 169 
 170 
This paper has reported on an analysis of 34 explanted MAGEC spinal rods, 171 
which is the largest in the scientific literature to date.  Findings were similar in 172 
all explanted rods and there were three common observations.  Firstly, 173 
localized marks indicating growth of the rods, here called ‘growth marks’, 174 
[Figure 3], were seen.  Secondly, localized wear on the extending bar, at the 175 
magnet end [Figure 4] was a common feature.  It was noted that these two 176 
features were always at 180 degrees to each other [Figure 4].  Thirdly, the main 177 
element in the debris that was found inside all 34 MAGEC rods was titanium.  178 
As both the outer casing and extending bar of MAGEC rods are made from 179 
titanium, one or both of these components is likely the source of the titanium 180 
wear debris.  An explanation for these three similarities and thus the failure 181 
mechanism of MAGEC rods is offered in figure 8.   182 
 183 
It is likely that off axis loading of implants, as indicated in figure 8, occurs in the 184 
spine.  The spine not only allows torsion and bending in different planes, but it 185 
has natural curvatures.  It is not a straight column and the weight bearing axis 186 
lies anterior to posterior instrumentation in most cases.  We know loading on 187 
the implants can be substantial and sufficient to cause fracture or breakage of 188 
instrumentation.8   189 
 190 
Figure 8 offers an explanation of how titanium wear debris was generated.  191 
Although created towards the magnet end of the MAGEC rod (away from the 192 
end with the O-ring seal), debris was often so copious that, when combined 193 
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with the frequency (53%) of damaged O-ring seals, it was likely able to escape 194 
from the MAGEC rod and enter the surrounding tissues.  This would therefore 195 
explain the metallosis reported recently around 6 of 7 MAGEC rods examined 196 
in a separate study.13  These authors suggested that metallosis was likely 197 
caused by the ‘growth marks’13 but we feel that a more likely explanation is the 198 
larger volumes of titanium wear debris escaping from inside the MAGEC rods.   199 
 200 
Metallosis and wear is an important issue with several types of implant.  For 201 
example, the high revision rates of many types of metal-on-metal hips, which 202 
in turn have been linked to wear debris generated at the bearing surfaces21,22 203 
and the taper-trunnion junction23, have been a major concern within 204 
contemporary orthopedics.24  While the effects of titanium debris may not be 205 
the same as those from the cobalt-chromium used in metal-on-metal hips, the 206 
history of orthopedics from Charnley onwards has shown that the generation of 207 
volumes of wear debris should be avoided.25  Such volumes do not have to be 208 
substantial.  It has been suggested that wear rates of above 2.3mm3/year 209 
(approximately 2 pin heads26) from the articulating surfaces of a metal-on-metal 210 
resurfacing hip is sufficient to lead to a wear related failure and thus a revision 211 
operation.27  In fact, the amount of metal debris from a taper-trunnion surface 212 
of a modular hip which can lead to revision is even less, with a median of 213 
0.4mm3/year being reported from a cohort of 104 metal-on-metal hips revised 214 
for wear related failures.28  Given that, in the worst case wear of a MAGEC rod 215 
reported here, over 1g of worn titanium material was collected, as titanium has 216 
a density of 4.420kg/m3 29 this equates to over 200mm3 of volumetric wear from 217 
a single MAGEC rod.  218 
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 219 
It should be considered that the significant wear observed may not only 220 
contribute to implant failure and local tissue metallosis.  The potential systemic 221 
effects of large volumes of metal debris in children are potentially the most 222 
worrisome.  Titanium wear from joint replacements has been shown to induce 223 
aneuploidy in vitro and in vivo.30  The long term effects of raised titanium levels 224 
in children is currently unknown with most studies to date having focused on 225 
the potential carcinogenesis related to cobalt chromium based joint 226 
replacements in adults31 although recent links to heart failure have also been 227 
reported.32,33   228 
 229 
It should be noted that wear affects all spinal implants and hence is not limited 230 
to the MAGEC system.  Wear has been demonstrated on explant analysis of 231 
both growth-friendly and static implants.34,35  Accordingly, surgeons using 232 
conventional growing rods commonly observe implant wear and some tissue 233 
metallosis at time of re-operation.  Notwithstanding this, the main cause of 234 
concern of many surgeons contributing to this work, who are experienced in the 235 
use of other early onset scoliosis implants, was the extent of the soft tissue 236 
contamination encountered when removing the MAGEC system, which on 237 
occasion was alarming.  This experience is also reflected in other reports.13  We 238 
aim to attempt to quantify the extent of tissue metallosis encountered in future 239 
work. 240 
 241 
Regarding drive pin fracture, which others have implied is a cause of failure, 242 
figure 8 indicates that drive pin fracture is instead an effect of this failure 243 
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mechanism.  Off axis loading would create high friction between the extending 244 
bar and the internal surface of the outer casing.  The wear debris generated, 245 
and seen inside all 34 explanted MAGEC rods, exemplifies this high friction.  246 
The drive pin therefore has not only to transmit the torque from the magnet 247 
which causes the MAGEC rod to ‘grow’ but also to overcome a frictional force 248 
it was not designed to deal with.   249 
 250 
Clearly, there is more work to be done, particularly in correlating clinical details 251 
to failure modes.  This will be the subject of future publications.  Another 252 
limitation is that there is an inevitable selection bias when dealing with failed 253 
implants.  However, our view would be that we are seeing a range of worn 254 
MAGEC rods, with only the degree of wear varying between individual implants.  255 
In other words, we see a common feature, that of localized wear, in all of the 256 
34 explanted MAGEC rods which we have examined to date.  There is 257 
additional engineering work still to be done.  At present, we have an indication 258 
of the amount of wear from the extending bar (A-B in table 2).  We do not have 259 
such an indication from the other part of the wear couple, namely the internal 260 
aspect of the outer casing.  Wear from the internal aspect of the outer casing 261 
could help to explain the lack of wear measured on three (9%) extending bars 262 
(bars 5, 23 and 31 in table 1) when wear debris was seen from inside all 34 263 
MAGEC rods.  We acknowledge that MAGEC rods have been produced in 264 
various generations, as the design has progressed over recent years.1,36  Our 265 
analysis relates to generation 1 and generation 2 rods, while generation 3 rods 266 
have recently been introduced.  However, there are numerous common factors 267 
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between the generations and, as many generation 1 and 2 rods remain 268 
implanted, we therefore feel the findings of our analysis are timely and relevant.   269 
 270 
We accept that, in the UK and other countries, spinal implant registries are not 271 
as developed as those for hips and knees.  Therefore, it is currently difficult to 272 
estimate what percentage of spinal rods, both MAGEC and others, ‘fail’.  Indeed 273 
there may be debate over the definition of failure if, as in the case of growing 274 
rod systems, they are expected to be removed from the body, unlike an artificial 275 
hip or knee joint which is intended to last the lifetime of the person implanted 276 
with it.  However, the fact that we have received multiple MAGEC rods from 277 
multiple spinal centers in the UK implies that there are shared issues with the 278 
implant, rather than a single center or a single surgeon.  Moreover, the common 279 
features identified from failure analysis of the MAGEC rods and described in 280 
this paper, which thus indicate a shared failure mode, are of concern.  281 
 282 
All explanted MAGEC rods showed localized wear of the extending bar that 283 
resulted in copious amounts of titanium wear debris.  Localized wear was due 284 
to off axis loading due to the weight bearing axis of the spine being anterior to 285 
the implants.  The titanium wear debris from inside the MAGEC rods, alongside 286 
damage to O-ring seals, explains the metallosis seen clinically.  The relatively 287 
high number of non-functioning MAGEC rods examined at our retrieval center 288 
suggests an appreciable revision rate and calls into question the cost-benefit 289 
argument offered by NICE in 2014.  Notwithstanding this, surgeons should 290 
consider the findings of this study together with the data available for other 291 
implants used to manage early onset scoliosis.  There remains no ideal implant, 292 
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with major complications commonly encountered with most available systems.3-293 
5  Yet, given the paucity of long term clinical data for the MAGEC system, 294 
reported cases of significant metallosis in children, together with the findings 295 
from the current study, we urge caution in the use of the MAGEC system.  296 
 297 
  298 
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 405 
 406 
Figure 1 – Schematic diagram of a MAGEC rod in cross-section showing 407 
the key components.  From left to right: extending bar (black); O-ring 408 
seal housing (green) with O-ring seal (purple); main actuator outer 409 
casing (blue and yellow tubes); leadscrew (red); radial bearing (orange); 410 
drive pin (white vertical line); magnet (light blue); thrust bearing 411 
(purple); and coned bar (black). 412 
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 413 
Figure 2 - ‘Growth marks’ (shown within red oval) on the extending bar 414 
of an explanted MAGEC rod.  Note that the marks do not extend around 415 
the circumference of the extending bar.  The rule to the bottom left gives 416 
scale.   417 
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 418 
Figure 3 – The internal components of an explanted MAGEC rod.  Here 419 
the end of leadscrew can just be seen; most of the leadscrew being 420 
encapsulated by copious amounts of wear debris that has taken on the 421 
internal shape of the outer casing.  The end of the extending bar is then 422 
visible to the left of the debris. 423 
 424 
  425 
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 426 
 427 
Figure 4 – An explanted MAGEC rod showing the extending bar below 428 
the outer casing.  They have been placed like this so that the localized 429 
area of wear (red arrow) becomes clearer.  Wear is primarily towards the 430 
magnet/leadscrew end of the extending bar.  Also just visible to the left 431 
hand side is a pen nib which points to the ‘growth marks’.  Note that the 432 
growth marks and the localized area of wear on the extending bar are at 433 
180 degrees to each other.   434 
  435 
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 436 
 437 
Figure 5 – The radial bearing of this explanted MAGEC rod was found to 438 
have been destroyed.  The inner cage of the radial bearing is protruding 439 
to the right of the outer race, and three rolling elements are missing 440 
from the cage in this view alone. 441 
 442 
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 444 
 445 
Figure 6 – image of an O-ring seal from an explanted MAGEC rod that 446 
had split in two 447 
 448 
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 449 
Figure 7 –The drive pin connecting the cylindrical magnet to the 450 
leadscrew of this explanted MAGEC rod had fractured.  Upon 451 
disassembly, the central section of the drive pin normally within the 452 
leadscrew was pushed out (red arrow) and photographed with the 453 
broken piece of the drive pin (yellow arrow). 454 
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 455 
 456 
Figure 8 – Schematic diagram of the operation of a MAGEC rod, with the 457 
outer casing shown in blue and the extending bar shown in red.  458 
Idealized operation of a MAGEC rod is shown in the center.  However, 459 
the effect of the reality of off axis loading is shown on the right hand 460 
side.  Off axis loading causes the extending bar to contact on the 461 
internal surface of the outer casing (A).  Note that this contact will just 462 
be on one side of the MAGEC rod.  As the rod ‘grows’ in vivo so these 463 
marks are repeated.  The other end of the extending bar impinges on the 464 
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internal surface (B) of the outer casing causing localized wear, at 465 
approximately 180 degrees to the marks at (A).   466 
 467 
 468 
  469 
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 470 
Grade O-ring seal Radial 
bearing 
Drive pin Wear debris 
quantity 
1 functional functional functional None 
2 damaged/ 
contaminated 
damaged/ 
contaminated 
--- Some 
3 badly damaged/ 
partially unseated 
badly 
contaminated/ 
seized 
--- Lots 
4 largely unseated/ 
very badly damaged/ 
missing completely 
split/ 
broken 
fractured copious 
Table 1 – grading system applied to key components and amounts of 471 
wear from each explanted MAGEC rod. 472 
  473 
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 474 
MAGEC 
Rod 
O-ring 
seal 
grade 
Radial 
bearing 
grade 
Drive 
pin 
grade 
Wear 
debris 
quantity 
grade 
Original 
ext. bar 
dia. (mm) 
(A) 
Ext. bar 
end 
(mm) 
(B) 
Worn 
away 
(mm) 
(A-B) 
1 2 3 1 2 6.32 6.10 0.22 
2 1 2 1 2 6.34 6.24 0.10 
3 3 2 4 4 6.32 5.97 0.35 
4 3 3 4 4 6.32 5.25 1.07 
5 3 3 4 2 6.32 6.32 0.00 
6 3 3 1 2 6.33 6.30 0.03 
7 1 3 1 2 6.33 6.28 0.05 
8 4 3 4 4 6.34 6.19 0.15 
9 4 2 4 4 6.32 6.24 0.08 
10 4 3 4 4 6.32 6.23 0.09 
11 3 2 1 4 6.32 6.09 0.23 
12 3 2 1 2 6.32 5.98 0.34 
13 3 3 4 3 6.35 6.14 0.21 
14 2 3 4 4 6.35 6.11 0.24 
15 4 3 1 4 6.34 6.10 0.24 
16 4 3 4 4 6.32 6.01 0.31 
17 3 3 4 4 6.34 6.09 0.25 
18 4 3 1 4 6.35 6.05 0.30 
19 2 4 1 4 6.32 6.02 0.30 
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20 2 3 1 4 6.35 5.70 0.65 
21 3 4 1 4 6.32 5.98 0.34 
22 2 2 1 2 6.32 6.24 0.08 
23 2 2 1 2 6.32 6.32 0.00 
24 4 3 4 4 6.32 6.00 0.32 
25 2 3 1 4 6.32 6.22 0.10 
26 2 4 4 4 6.31 6.07 0.24 
27 3 2 1 3 6.32 6.13 0.19 
28 2 3 4 4 6.31 6.22 0.09 
29 2 3 4 4 6.33 6.20 0.13 
30 4 3 4 4 6.32 6.18 0.14 
31 2 2 1 3 6.33 6.33 0.00 
32 3 3 1 3 6.33 6.26 0.07 
33 2 3 1 3 6.33 6.12 0.21 
34 2 3 1 4 6.35 6.09 0.26 
Table 2 – results of grading internal components of MAGEC rods and 475 
measurements of wear on the extending bar (ext. bar) components 476 
 477 
